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E-mail address: S.Chen@unsw.edu.au (S.C. Chen).Investigators of microelectronic visual prosthesis devices have found that some aspects of vision can be
restored in the form of spots of light in the visual ﬁeld, so-called ‘‘phosphenes”, from which more rich and
complex scenes may be composed. However, questions still surround the capabilities of how such a form
of vision can allow its recipients to ‘‘see” and to carry out everyday activities. Through simulations of
prosthetic vision, researchers can experience ﬁrst-hand many performance and behavioral aspects of
prosthetic vision, and studies conducted on a larger population can inform the performance and behav-
ioral preferences in general and in individual cases. This review examines the ﬁndings from the various
investigations of the functional capacity of prosthetic vision conducted through simulations, especially
on the topics of letter acuity, reading, navigation, learning and visual scanning adaptation. Central to
the review, letter acuity is posited as a reference measurement so that results and performance trends
across the various simulation models and functional assessment tasks can be more readily compared
and generalized. Future directions for simulation based research are discussed with respect to designing
a functional visual prosthesis, improving functional vision in near-term low-phosphene-count devices,
and pursuing image processing strategies to impart the most comprehensible prosthetic vision.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
The human implantation of a visual prosthesis device by Brind-
ley and Lewin in 1968 saw the successful elicitation of artiﬁcial
visual perception, so-called ‘‘phosphenes”, described as spots of
light ‘‘the size of a grain of sago at arm’s length” or ‘‘like a star in
the sky”. Similar visual sensations have been conﬁrmed in subse-
quent human trials of past and modern visual prosthesis devices
(for example, Brindley & Rushton, 1974; Dobelle 2000; Dobelle,
Mladejovsky, & Evans, 1976; Dobelle, Mladejovsky, & Girvin,
1974; Humayun et al., 2003; Richard, Hornig, Keseru, & Feucht,
2007; Richard et al. 2005; Rushton & Brindley, 1978; Veraart
et al., 1998; Zrenner et al., 2006, 2007). Elicitable in various sizes,
luminance intensity and shapes, this rudimentary form of restored
visual perception is considered to be the fundamental building
block for creating visual scenes ﬁlled with rich and complex pat-
terns described as ‘‘prosthetic vision”.
Nevertheless, vision is more than the mere perception of spots
of light in various sizes, luminance and shapes. A visual prosthesis
may be able to elicit visual percepts from electrical stimulation atll rights reserved.
l of Biomedical Engineering,
ralia. Fax: +61 (2) 9663 2108.the retina, optic nerve or at the primary visual cortex, but the prob-
lem of visual comprehension lies in how the implant recipient
interprets such information.
Using an idealized simulation of prosthetic vision as an example
(Fig. 1), amongst many things, the most noticeable feature is the
discreteness of the phosphenes; there are large gaps with no visual
information in between the phosphenes, as opposed to a perceptu-
ally continuous visual image in normal vision. Consequently, sepa-
ration of groups of phosphenes portraying one object over groups
of phosphenes portraying another is required. In addition, current
technology limits the elicitation of one or only a handful of phos-
phenes at any one instance, and even if all phosphene can be
simultaneously perceived, the limited number of stimulating sites
results in very low-resolution vision, the phosphenes are unevenly
distributed over a reduced ﬁeld of view, and the dynamic range of
phosphenes limits the contrast presentable.
Many questions still surround how to best utilize such a form
of vision to present an understandable visual perception. An inti-
mately related problem is the training and rehabilitation rou-
tines to assist recipients in gaining the maximum beneﬁt from
a visual prosthesis device. Past attempts at developing aids for
the blind by converting visual into auditory or tactile form has
resulted in low acceptance due to the difﬁculty in interpreting
the converted signals (Hungenahally, 1995). Therefore, it is
crucial that prosthetic vision be approached from the functional
Fig. 1. Examples of phosphene vision. Left: Some text. Middle: A female face. Right: An ofﬁce area.
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psychological, perceptual and cognitive domains, so that the
most comprehensible visual presentation and most effective
rehabilitation routines can be formulated.
This review examines the methods by which researchers, using
simulation studies of prosthetic vision, have assessed the level to
which recipients can see and perform tasks. Two shortcomings of
the current research are identiﬁed. Firstly, there needs to be better
interoperability in the results between research groups, the various
different forms of assessment techniques and prosthetic vision
simulation models. Improved interoperability will allow research-
ers to more clearly describe the trends in functional prosthetic
vision with respect to various contributing factors, rather than to
simply view each investigation as a separate case study. Secondly,
more attention is required in designing assessment protocols in
light of the considerable learning trends observed in many SPV
studies. Investigators should pay special attention to behavioral
modiﬁcation such as head and eye scanning movements. Finally,
in the concluding section, simulation studies are related back to
the need for driving aspects of visual prosthesis design and
improving the functional capacity of the recipients implanted with
near-term low-resolution devices.Table 1
List of human trials with visual tasks examined.
Year Author + Notes Exercises
1962 Button and Putnam Light localization
Navigation
1972 Brindley et al. Visual Braille reading
1974 Dobelle et al. Visual Braille reading
2000 Dobelle et al. (1978 implants) Character recognition
Letter acuity
Mobility
2001 Dobelle et al. (Portugal implants) Object localization
Navigation
Driving a car
2002 Veraart et al. Pattern recognition
Orientation discrimin
Object localization
Object discrimination
Hand-eye coordinatio
Humayun et al. Light detection
Light localization
Motion detection
Object detection
Object counting
Object discrimination
Orientation discrimin
Movement direction
2007 Second sight Movement direction
(Argus II) Object localization
Zrenner et al. Letter acuity
Orientation discrimin2. Measuring functional capacity of prosthetic vision
Human performance can be assessed using a variety of psycho-
physical techniques. Psychophysical assessments are tasks de-
signed to identify particular characteristics of human (or animal)
perception, cognition and performance by manipulating physical
sensory stimuli such as visual displays, sounds, and tactile texture,
etc. These tasks are designed so a quantiﬁable performance mea-
sure can be analyzed – such as reaction time, perception threshold,
or success rate – so as to reveal the psychological and neural mech-
anisms underlying the performance response.
In human trials, investigators have been interested in the ability
of the implant recipients in recognizing simple characters, objects
and patterns, and their ability to manipulate with their environ-
ment through hand-eye coordination and navigation tasks (Table
1). They demonstrate that given optimized conditions, implant
recipients were able to successfully identify and differentiate be-
tween rudimentary patterns and objects, and conduct limited
and assisted navigation about a high contrast environment.
The description of the visual perception reported by the im-
plant recipients provides investigators with an opportunity to fur-
ther study the functional capacity of current devices and devicesReferences
Button and Putnam (1962)
Brindley and Rushton (1974)
Dobelle et al. (1976)
Dobelle (2000)
Unpublished
Delbeke et al. (2002), Veraart et al. (2003), Veraart,
Duret, Brelen, and Delbeke (2004), Brelen et al. (2005),
Duret et al. (2006)
ation
n (grasping)
Humayun et al. (2003, 2004), Weiland et al. (2003,
2004), Yanai et al. (2007)
ation
detection
identiﬁcation Ahuja et al. (2009), McMahon et al. (2009)
Wilke et al. (2009), Zrenner et al. (2009)
ation
Table 2
List of simulated prosthetic vision research.
Year Author Objectives References
1990 Cha et al. Letter acuity Cha et al. (1992a, 1992b, 1992c)
Reading
Eye tracking
Mobility
2001 Boyle et al. Object recognition Boyle, Maeder, and Boles (2001), Boyle,
Maeder, and Boles (2002a, 2002b, 2003)
Dagnelie et al. Letter acuity Humayun (2001), Hayes et al. (2003), Thompson et al. (2003)
Object recognition
Reading
Hand-eye coordination
Face recognition
2003 Hallum et al. Smooth pursuit Hallum et al. (2003, 2005)
Sommerhalder et al. Reading Sommerhalder et al. (2003, 2004), Perez Fornos et al. (2005)
2004 Chen et al. Letter acuity Chen et al. (2004, 2005a, 2005b, 2006, 2007)
Dowling et al. Mobility Dowling et al. (2004, 2005)
2005 Cai et al. Letter acuity Cai et al. (2005)
2006 Dagnelie et al. Reading Dagnelie et al. (2006a, 2006b)
Hand-eye coordination
Fu et al. Reading Fu et al. (2006)
Vurro et al. Face recognition Vurro, Baselli, Orabona, and Sandini (2006)
2007 Chai et al. Character recognition Chai et al. (2007)
Dagnelie et al. Mobility Dagnelie et al. (2007)
2008 Chai et al. Phosphene mapping Chai et al. (2008)
Perez Fornos et al. Simple pointing Perez Fornos et al. (2008)
Pattern identiﬁcation
Hand-eye coordination
Wang et al. Smooth pursuit Wang et al. (2008)
S.C. Chen et al. / Vision Research 49 (2009) 2329–2343 2331under development using simulation studies of prosthetic vision.
Table 2 lists the psychophysical tasks studied in the context of
simulated prosthetic vision (SPV). These experiments sought to
quantify the usability of prosthetic vision under SPV settings that
reﬂect current research devices. Such work was pioneered by Cha
and coworkers, (1992a, 1992b, 1992c), but only until recently
(year 2000 and beyond) has it attracted the interest of more
investigators owing to the rapid development of visual prosthesis
devices.
Inevitably, at this early stage of visual prosthesis development,
there remains a gulf to be reconciled between the assumptions
made in SPV setups and that of the experience of real implant
recipients. For example, phosphene shapes, color, sizes, phosphene
ﬁeld eccentricity and regularity are simpliﬁed in simulations; and
much is still to be learnt in order to characterize the interactive vi-
sual effects to simultaneous multisite stimulation and temporal
resolution of the elicited phosphenes. These were outlined in the
ﬁrst part of the two-part review on simulating prosthetic vision
(Chen, Suaning, Morley, & Lovell, 2009a). Nevertheless, SPV studies
have been able to provide valuable input regarding the perfor-
mance capacity of phosphene vision.
In the following subsections, the major ﬁndings from SPV
research are summarized. Readers might also be interested in
past reviews on SPV research (Hallum, Dagnelie, Suaning, &
Lovell, 2007; Hallum, Suaning, & Lovell, 2004a), and partial
reviews on speciﬁc functional assessments (Dagnelie, Barnett,
Humayun, & Thompson, 2006; Dagnelie et al., 2007, Perez Fornos
et al., 2008).
2.1. Factors affecting measured performance
When interpreting the results from different laboratories, it is
important to be aware of the various factors that can affect themeasured performance. The main factors are the conﬁguration of
the SPV and the task design.
In a previous review, various aspects of the SPV implementa-
tions were summarized and discussed (Chen et al., 2009a). Brieﬂy,
a SPV model consists of the visual appearance of the phosphenes
(solid circles vs. Gaussians), the layout of the phosphenes in the vi-
sual ﬁeld (the phosphene count, spacing, regularity, ﬁeld of view
and eccentricity), the processing that converts the original image
into phosphenes (ﬁltering scheme and the number of gray levels)
and how the spatiotemporal dynamics of the phosphene ﬁeld is
presented on a computer screen (static or dynamic presentation,
and spatiotemporal interactions between phosphenes).
For example, increase in phosphene to background contrast
slightly improved the performance in paragraph reading (Dagne-
lie, Barnett, et al., 2006) and face recognition (Thompson, Barnett,
Humayan, & Dagnelie, 2003), and increase in the number of gray
levels led to improved face recognition performance, but not par-
agraph reading; a dynamically updated phosphene vision based
on the gaze position of the subject improved reading performance
over an otherwise static display (Perez Fornos et al., 2005). Inves-
tigators vary or control some of these parameters as they study
the affects of these parameters on the overall performance, some
of which are summarized below. However, as the SPV conﬁgura-
tion reported from each laboratory can be quite disparate, it is
not possible to neither compare nor discuss all the factors in
detail.
A variety of psychophysical tasks have been used to assess the
functional capacity of SPV (Table 2). In terms of methodology, there
are hardly any two tasks that have been repeated across different
laboratories. For example, the assessment of letter acuity con-
ducted in different laboratories may involve testing on different
sets of test items (Landolt C or Snellen E, etc.) and different meth-
ods of scoring. Similarly, the amount of practice can have a bearing
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method through which scanning is provided – whether it is hand-,
head-, or eye-facilitated – may have a signiﬁcant impact on the
performance outcome. Topics relating to learning and visual scan-
ning are covered in more detail in a latter section.
2.2. Reading
Reading, by far, is themost studiedpsychophysical taskunderSPV
(Cha, Horch, & Normann, 1992a; Cha, Horch, Normann, & Boman,
1992b;Hayes et al., 2003; Sommerhalder et al., 2003; Sommerhalder
etal., 2004,PerezFornosetal., 2005,Dagnelie,Barnett, et al., 2006; Fu,
Cai, Zhang,Hu,& Zhang, 2006). There are twomainmeasures of read-
ing performance – reading accuracy and reading speed.
Reading accuracy measures the percentage of the words read
correctly. Near 100% accuracy is required for optimal reading speed
and 85% accuracy is required for a (‘‘good”) level of text compre-
hension such that subjects could grasp the main issue in the text
but not all the details (Sommerhalder et al., 2004).
Reading speed is often reported in words per minute (wpm).
Normal reading can easily reach more than 200 wpm (Legge, Pelli,
Rubin, & Schleske, 1985). Optimal reading requires at least a visual
window of four characters (Legge et al., 1985). A critical sampling
rate of at least three to four phosphenes per axis per character is
required for individual letter recognition (Akutsu, Bedell, & Patel,
2000; Cha et al., 1992a), and up to ﬁve to six phosphenes per char-
acter for the optimum reading speed (Cha et al., 1992b; Dagnelie,
Barnett, et al., 2006; Fu et al., 2006; Legge et al., 1985; Solomon
& Pelli, 1994). Insufﬁcient resolution rapidly reduced the reading
speed. For multi-line (paragraph) reading, a vertical window of at
least two lines of visible text is preferred (Sommerhalder et al.,
2004, Perez Fornos et al., 2005).
Eccentric reading has been studied especially by Sommerhalder
and co-workers (Sommerhalder et al., 2003, 2004, Perez Fornos
etal., 2005). Theyshowedthatreadingspeeddeclineswith increasing
eccentricity. The decline is associated in part with the loss of visual
resolution at eccentric retinal locations and the ‘‘crowding” effect.
The reading characteristics of non-Roman alphabets are differ-
ent and require separate investigation. For example, Chai and co-
workers (2007) conducted SPV experiments on reading Chinese
characters. Chinese characters are designed to each occupy a
square block, but the composition complexity (spatial frequency
content) varies dramatically from character to character. Using
an optimized presentation of these characters, Chai and co-work-
ers found that 12 phosphenes per axis (as opposed to four for the
Roman alphabet) is required to achieve close to 100% individual
character recognition.
2.3. Mobility
Several investigators have studied mobility in SPV (Cha et al.,
1992c; Dowling, Maeder, & Boles, 2004, Dowling et al ., 2005,
Dagnelie et al., 2007). The general setup involves a controlled cor-
ridor or room with ﬁxed-position ground level and/or overhanging
obstacles. The subject has to navigate from one location to another
within the controlled environment, viewing through a mobilized
form of the SPV apparatus. In one study, a computer maze was
set up such that subjects navigated virtually using a game control-
ler (Dagnelie et al., 2007). Performance was assessed on the time
taken to ﬁnish the course, the number of obstacle contacts, and
other error measures speciﬁc to the course design.
Cha et al., 1992c found that the visual ﬁeld size and number of
pixels had high correlations with navigation performance. They
estimated that at least 30 of the visual ﬁeld is required for a good
level of navigation ability. (Note: Cha and co-workers assessed this
by minifying a larger ﬁeld of view to a 1.7  1.7 phosphene ﬁeld.)Information from the visual ﬁeld up to 58 eccentricity is likely to
make signiﬁcant contributions to safe mobility and orientation
(Lovie-Kitchin, Mainstone, Robinson, & Brown, 1990).
Overall, it is difﬁcult to relate the performance measures from
one laboratory to another in mobility assessment due to the wide
variety of assessment methodology, courses and maze settings,
and obstacle difﬁculty.
2.4. Other tasks
As listed in Table 2, normally-sighted subjects under SPV have
been assessed in object recognition (Hayes et al., 2003), pattern
matching (Perez Fornos et al., 2008), face recognition (Thompson
et al., 2003), smooth pursuit (Hallum, Suaning, Taubman, & Lovell,
2005; Hallum, Taubman, Suaning, Morley, & Lovell, 2003; Wang,
Yang, & Dagnelie, 2008), simple pointing (Chai et al., 2008; Perez
Fornos et al ., 2008) and hand-eye coordination tasks (Dagnelie,
Walter, & Liancheng, 2006; Hayes et al., 2003, Perez Fornos
et al., 2008).
Dagnelie and co-workers (Dagnelie, Walter, et al., 2006; Hayes
et al., 2003) have been focusing on SPV conﬁgurations similar to
the clinical trial devices prepared by Second Sight (Ahuja et al.,
2009; Humayun et al., 2003; McMahon et al., 2009), i.e., 4  4
and 6  10 electrodes. They showed that some degree of letter acu-
ity, pattern/object identiﬁcation, and visually coordinated hand
manipulation is possible, despite only a handful of phosphenes
being available to convey the visual information of the entire
scene.
Face recognition requires a larger phosphene lattice. It is gener-
ally agreed that spatial frequencies in the range 8–16 cycles per
face width are critical for face recognition (Costen, Parker, & Craw,
1994; Gold, Bennett, & Sekuler, 1999; Nasanen, 1999). This means
to render a face requires a 16  16 to 32  32 phosphene lattice.
Thompson and co-workers (2003) investigated this in SPV, and
found that 11.1 phosphenes per axis may be sufﬁcient to recognize
faces.
Smooth pursuit experiments (Hallum et al., 2003, 2005; Wang
et al., 2008) demonstrate the motion sensitivity in SPV. Compared
to normal vision, the detection of the onset of movement is re-
tarded, and tracking is less accurate using prosthetic vision, and
even less accurate when an eccentric retinal locus is adopted for
tracking.
Perez Fornos and co-workers (2008) investigated the accuracy
in pointing and matching patterns on a 5  4 set of patterned woo-
den chips over a range of visual ﬁeld sizes and phosphene resolu-
tions. It was found that reduced visual ﬁeld increased the search
time and reduced the pointing and pattern matching performance
at low phosphene counts. They found that for pointing, optimum
performance was attained at a phosphene resolution of 1.5 phos-
phenes per degree, and for pattern matching, optimum perfor-
mance requires a phosphene resolution of two phosphenes per
degree.
Mainly due to the speciﬁc designs of these tasks, not many lab-
oratories have published comparable studies. There are concerns
over the validity of generalized trends based on results obtained
on speciﬁc SPV conﬁgurations and designed tasks.
2.5. The need for a united approach
The main drawback of the various reported study methodolo-
gies is their insufﬁciency as controlled measurements that can be
used repeatedly in different laboratories with consistent, quantita-
tive and comparable results. Take reading for example: although
fonts, character, and line spacing can be controlled, there is a vari-
ety of reading materials to choose from for assessment; each inves-
tigator tends to prefer their own formulation and level of difﬁculty.
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developmental devices, to the limitations of their simulation hard-
ware, or merely to their own preferences. Given this current state
of SPV research, it is difﬁcult from currently available data to build
informative psychophysical models of visual prosthesis recipients.
A simple set of reference measurements would provide a means
of comparing across the spectrum of SPV studies and human clin-
ical trial data. This is not to say that only one or a few measure-
ment indices are required for characterizing the usability of
prosthetic vision for all types of daily activity; nonetheless, one
can continue to invent new specialized tasks to assess the usability
of prosthetic vision under different scenarios, but being special-
ized, they preclude a comparable study from being easily set up.
On the other hand, if a set of reference assessments can be assem-
bled that demonstrate a high degree of correlation to various visu-
ally guided tasks, then performing and reporting these
measurements can allow generalization to other SPV conﬁgura-
tions and visual prosthesis designs. A concerted approach using
reference assessment techniques will better inform prosthetic vi-
sion researchers, for example, on several design aspects of a visual
prosthesis, such as, but not limited to, the number of electrodes,
their spacing, visual ﬁeld coverage and image processing, so that
one design can be compared with another in order to ﬁnd the
optimum.
This review proposes letter acuity for consideration as one ref-
erence assessment for evaluating the functional capacity of pros-
thetic vision. The performance in various psychophysical tasks
assessed in SPV studies in relation to letter acuity as the reference
measure will be discussed. Other basic reference assessments
should also be designed so as to reﬂect other major factors contrib-
uting to functional prosthetic vision, such as incorporating contrast
sensitivity assessment to letter acuity tests (e.g., Pelli-Robson and
Regan charts), and assessing the effective ﬁeld of view provided
by the phosphene ﬁeld.3. Letter acuity as a reference measure for prosthetic vision
Visual acuity assessed through lettered charts, i.e. ‘‘letter acu-
ity” (LA), has always been the foremost clinical screening test of
human visual function. It is a good candidate as a reference mea-
surement for SPV investigations. Various quality of life surveys
conducted on sufferers of retinitis pigmentosa (Geruschat, Turano,
& Stahl, 1998; Szlyk et al., 1997, 2001), macular degeneration
(Hazel, Petre, Armstrong, Benson, & Frost, 2000; Mangione,
Gutierrez, Lowe, Orav, & Seddon, 1999; Mcclure, Hart, Jackson,
Stevenson, & Chakravarthy, 2000), diabetes retinopathy (Klein,
Moss, Klein, Gutierrez, & Mangione, 2001), patients scheduled for
a corneal graft (Boisjoly et al., 1999), and in cohorts involving
patients from a variety of low vision symptoms (Carta et al.,
1998; Haymes, Johnston, & Heyes, 2002; Mangione et al., 2001)
have repeatedly demonstrated correlations between LA and many
daily tasks. For the visually impaired, diminished LA has been asso-
ciated with decreased performance of activities of daily living,
poorer cognitive abilities, increased risk of falls, and ultimately
poorer health-related quality of life.
LA is a clinical test that assesses the observer’s ability to recog-
nize simple test items (optotypes). Optotypes are usually based on
the English alphabet such that each contains the integration of sev-
eral visual features. Yet they are designed so that the smallest size
at which they can be correctly identiﬁed (the LA threshold) esti-
mates the ﬁnest sinusoidal components that can be perceived by
the observer. Given a visual scene can be seen as a linear combina-
tion of elemental sinusoidal components of different (orthogonal)
periodic occurrences at different orientations, therefore, establish-
ing the LA threshold also has important implications for investiga-tors working on image processing. Both clinically and analytically,
LA is an appropriate, validated, indicative and fundamental rating
for functional vision under different phosphene conﬁgurations.
LA has been used both in human trials of prototype visual pros-
thesis devices (Dobelle, 2000) and in SPV experiments (Cai, Fu,
Zhang, Hu, & Liang, 2005; Cha et al., 1992a; Chen, Chen, Hallum,
Suaning, & Lovell 2006; Chen, Hallum, Lovell, & Suaning 2005b;
Chen, Hallum, Suaning, & Lovell 2007; Chen, Lovell, & Suaning
2004; Hayes et al., 2003). In particular, Chen and co-workers
(2004, 2005b) described a LA study paradigm that achieved statis-
tically signiﬁcant comparisons between hexagonal and square
maps of phosphenes, and across a range of low-pass cut-off fre-
quencies for image processing. This LA study paradigm can possi-
bly be the basis of a more pervasive reference assessment for the
functional capacity of prosthetic vision.
3.1. Letter acuity, phosphene lattice and image processing
Traditionally, SPV studies are based on regular, square lattices
with the phosphenes aligned in the horizontal and the vertical
directions. Mathematical calculation shows that the hexagonal lat-
tice is 13.4% higher in electrode density over a square lattice of the
same minimum phosphene center-to-center spacing (PS); that is,
given the same number of sampling points (phosphenes), hexago-
nal sampling provides a higher sampling resolution (therefore LA)
over the square lattice. Therefore, it is expected that phosphenes
rendered on a hexagonal lattice would afford higher LA scores
compared to the traditional square lattice.
The other aspect of SPV investigated by Chen and co-workers
(2004, 2005b) is whether changes in the low-pass ﬁltering cut-
off can be reﬂected in LA measurements. Averaging ﬁlters with a
circular aperture (circular mean ﬁlters, CMFs) were examined. A
CMF with a large radius has a low low-pass cut-off frequency, thus
it would attenuate high frequency components contained in the
phosphenized image, removing the important spatial details that
are required for the correct identiﬁcation of the test symbols
(Fig. 2). Conversely, a CMF with a small radius would lend itself
to a high low-pass cut-off frequency, retaining the frequency com-
ponents that introduce aliasing artifacts to the low-resolution
phosphene ﬁeld, thereby reducing the recognizability of the object
in view. The hypothesis is that towards the extreme values of the
radius (i.e. low-pass cut-off frequency), the LA performance will
decline for the reasons suggested, and an optimally performing ra-
dius setting may be found in between the extremes.
Both of the described problems involve only a small perturba-
tion to the SPV conﬁguration. If the measurement variance using
the LA metric is large, then the statistical performance differences
due to these small perturbations would be hard to determine. If the
LA metric has the ability to demonstrate these hypotheses quanti-
tatively with statistical signiﬁcance, then it has the potential to be
more widely applied to compare the performance of other adjust-
ments to SPV conﬁgurations, such as phosphene density, appear-
ance and other image processing routines.
Chen and co-workers (2004, 2005b) administered SPV to nor-
mally-sighted subjects through virtual-reality simulation pre-
sented on a head-mounted display. LA was tested with the
Landolt C optotype using the method of constant stimuli and esti-
mated by ﬁtting a psychometric function to the percentage perfor-
mance versus optotype size (in logarithm of Minimum Angular
Resolution (logMAR)). This assessment routine ensured an accurate
and consistent estimate of the LA thresholds.
It was found that the LA performance on the hexagonal phos-
phene lattice has a small (0.05 logMAR with their SPV conﬁgura-
tion) but statistically signiﬁcant (p < 0.0001) advantage over a
square phosphene lattice with a matched minimum PS. As for
the ﬁlter settings, the LA performance across CMF radius values
Fig. 4. Relationship between the estimated letter acuity (LA) thresholds and the
phosphene center-to-center spacing (PS) compiled from the vision prosthesis
literature. Black dots indicate data points from simulated prosthetic vision work.
The star represents the only available LA data from human trials of actual implant.
The shaded area indicates the approximate 95% conﬁdence interval of the linear ﬁt
(solid gray line). The theoretical LA threshold with respect to PS is represented by
the dotted gray line. Note: Increasing logMAR is increasing physical size and
worsening LA.
Fig. 2. The effect of image ﬁltering using the circular mean ﬁlter with increasing radius (left to right). The Landolt C test item and the orientation of the gap become
increasingly unrecognizable due to the lack of detail, both in the non-phosphenized view (top row) and the phosphenized view (bottom row).
Fig. 3. Data of the letter acuity (LA) estimates plotted against circular mean ﬁlters
with a range of radius values (expressed in terms of phosphene center-to-center
separation (PS)) from Chen et al. (2005b) replotted with quadratic ﬁtting. The R2
values of the ﬁttings are displayed.
1 0.39 logMAR is about 2.50 of visual angle or 12 lm on the retina.
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ﬁtted to the results with statistically signiﬁcant coefﬁcients
(p < 0.05) as shown in Fig. 3. These results demonstrated LA as a
consistent and sensitive measure that is able to follow ﬁne-grain
changes to the SPV conﬁguration, enough to allow modeling the
LA performance over a multi-parametric SPV conﬁguration space.
Subsequently, Cai and co-workers (2005) also used LA (Landolt
C) as a comparison metric to study the performance impact of
irregular phosphene maps. They adopted a similar experimental
paradigm to that described by Chen and co-workers (2004,
2005b). They showed that the perceptual quality of prosthetic vi-
sion decreased with increasingly irregular phosphene maps, espe-
cially if the visual locations of the phosphenes were inaccurately
recorded in the phosphene processing software. Unfortunately,
statistical analysis was not included in their report.
3.2. Letter acuity and phosphene spacing
In other SPV studies, it is not surprising to ﬁnd that the most
inﬂuential SPV parameter on LA thresholds is the PS. This was well
established early by Cha et al. (1992a). Results from Cha and co-
workers’ study and other investigations have been compiled in
Fig. 4. As shown, a linear relationship is evident between PS andLA. The ﬁtted gradient is 1.0; this means that for every unit reduc-
tion in PS, the LA threshold will also reduce by one unit, providing
the phosphene size can also be reduced correspondingly so as to
prevent neighboring phosphenes bridging together and blurring
the ﬁne details of the underlying image. This linear model serves
as a guide to estimate the LA threshold for a given electrode array
design based on the electrode spacing and the expected visuotopic
mapping of the target tissue.
The linear model ﬁtted to the data predicts that 0.0 logMAR
(normal vision) can be attained with 0.39 logMAR PS1 (p < 0.05),
indicating that equivalent-to-normal-vision LA can be attained with-
out a phosphene lattice matching the resolution of the human pho-
toreceptor array (i.e., 0.0 logMAR). In fact, all studies observed LA
performance better than the theoretical (sampling theory) estimate
of the phosphene ﬁeld on which the subjects were assessed (dotted
gray line).
Fig. 5. Reading speed in words per minute (wpm) from various simulated prosthetic vision investigations in the literature plotted against the phosphene center-to-center
spacing (PS) of the phosphene lattice from which they were obtained. Note: Different methods and reading materials were adopted in each laboratory.
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veriﬁcation in visual prosthesis recipients. However, it may indi-
cate the manifestation of mechanisms other than those based on
conventional sampling theory in phosphene vision. For example,
as was previously discussed, the phosphene lattice and ﬁlter set-
tings both have an impact on the LA (Landolt C) performance (Chen
et al., 2005b) – the data point representing these results is posi-
tioned slightly lower (i.e. better) than the average trend (thin gray
line, Fig. 4). The study performed by Cai and co-workers (2005,
Landolt C) using an optimized ﬁlter setting that was based on Chen
and co-workers’ ﬁndings was also lower than the average trend.
Also, at the same PS, the number of electrodes (i.e. ﬁeld of view)
can affect LA performance; Hayes and co-workers (2003) demon-
strated 4  4 and 10  6 phosphene arrays both with 2.08 logMAR
(2 visual angle) PS, but the LA (Tumbling E) threshold for the 4  4
array was higher (i.e. worse) than that of the 10  6 array.
Compared to SPV studies, Dobelle (2000) is the only investigator
who has reported LA (Snellen letters, Tumbling E, HOTV, Landolt C
and Lea ﬁgures) estimates from human trials of a visual prosthesis.
He reported an LA threshold approximately 1.78 logMAR from
electrodes spaced approximately 1.33 visual angle or 1.90 log-
MAR2. Dobelle’s result ﬁts well within the predicted trend from
SPV studies in Fig. 4. Hopefully in the near future, results from
more human trials will further conﬁrm this observed LA trend from
SPV studies.
3.3. Letter acuity and reading
While PS is chieﬂy a physical measurement, one of the many
parameters that an investigator may choose to vary or control in
an assessment of functional performance, LA is an index of visual
functional, whose value takes into account changes in PS as well
as many other factors that affect the quality of prosthetic vision.
Therefore, besides an index for comparing performance of different
SPV conﬁgurations it is postulated that LA can be further general-
ized into a more pervasive indicator of the functional capacity of
prosthetic vision. Once the main effect of LA is factored into the
analysis, performance differences due to other contributing factors2 The electrode spacing of Dobelle’s cortical implant was 8 mm. Visual angle was
estimated using an estimate of 6 mm of cortex per degree of visual angle at the fovea
(Cha et al., 1992a).can be more clearly identiﬁed. In the following subsections, perfor-
mance in reading, navigation and other tasks are compared to the
PS due to the lack of direct LA measurements from the relevant
studies. Given the apparent relationship between LA and PS, infer-
ences can be made of these performances to LA.
There is little doubt that LA is an important predictor for effec-
tive reading (Fig. 6A). In a study involving low vision patients, the
optimal print size for reading was best predicted from LA threshold
estimates, and the word reading acuity was the best predictor for
peak reading speed (Bullimore & Bailey, 1995).
For SPV studies, the reading speeds reported by various investi-
gators were compiled and plotted against the PS of the phosphene
lattice from which they were obtained (Fig. 5). In general, the read-
ing speed decreased as the PS increased; but no simple mathemat-
ical model between PS and the reading speed can be inferred from
the data; this is because reading speed is quite sensitive to the
assessment methodology each investigator has chosen. For exam-
ple, while both assessed using paragraph (multi-line) reading in
central vision, reading speeds reported by Dagnelie and co-workers
(2006a) were substantially slower than the reported by Sommerh-
alder and co-workers (2004, central).
In the case of Cha and co-workers (1992b) and Fu and co-work-
ers (2006), their primary interest was the effect of PS on the read-
ing performance; the reported data points from these two
investigators follow approximately linear trends with respect to
PS measured in logMAR. However, it should be noted that reduc-
tions in these reported reading speeds were inﬂuenced by both
an increase in PS and a reduction in the number of phosphenes
to maintain a ﬁxed ﬁeld of view. If the phosphene ﬁeld was inﬁ-
nitely large such that it did not play a role in restricting the reading
window, the reading speed might have gradually approached zero
as the PS approached inﬁnity; i.e., LA in logMAR is negatively cor-
related to the logarithm of reading speed (Mcmahon, Hansen, &
Viana, 1991).
Future studies should be conducted so that the reading acuity
and the reading speed can be simultaneously measured, and the
conﬁguration parameters be varied in small steps to establish
clearer models of human performance. This can be done using
standard reading charts such as the MNREAD (e.g. Fu et al., 2006)
or Radner Reading test charts.
In addition to the LA threshold estimate, the time taken for the
subject to identify a test item can be used as a rough estimate of
the reading speed. For example, say it takes 1 s on average to iden-
Fig. 6. A phosphenized view of some text (row A), an ofﬁce area (row B) and a female face from the Psychological Image Collection at Stirling University (row C) with
increasing spatial detail (letter acuity). From left to right, each successive image is composed of phosphenes on average at half the phosphene center-to-center spacing of the
previous image, i.e. twice the spatial frequency content. The full-resolution image is illustrated on the far right.
Fig. 7. A subset of the results from Thompson et al. (2003) demonstrating the loss
of face recognition performance under both high and low contrast settings as the
phosphene center-to-center spacing (PS) increases while all other simulation
parameters were unchanged. Error bars indicated standard error of the mean.
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word, this means an estimated reading speed of 60 letters per min-
ute or 12 wpm. Practically, if subjects are able to recognize four
letters simultaneously, providing there is sufﬁcient phosphene
resolution and reading window, the new estimate would be 240
letters per minute or 48 wpm.
3.4. Letter acuity and mobility
Though mobility studies are not to be viewed purely from a LA
standpoint, increasing spatial frequency information from the
underlying image will certainly improve navigation performance
under prosthetic vision in real-life environments (e.g. Fig. 6B).
There are several reports demonstrating statistically signiﬁcant
correlation between mobility performance and LA in low vision pa-
tients (Brown, Brabyn, Welch, Haegerstrom-Portnoy, & Colenbran-
der, 1986; Geruschat et al., 1998; Haymes, Guest, Heyes, &
Johnston, 1996; Velikay-Parel et al., 2007). In these reports, a high-
er correlation was found between mobility performance and LA
when the navigation course involved a more complex environ-
ment, increased assortment of obstacles and heavier human trafﬁc
(hospital foyer, small business area and shopping mall) than sim-
pler and quieter environments (quiet corridor and residential
streets).
From the handful of SPV studies, Cha and co-workers (1992c)
and Dagnelie, Barnett and co-workers (2007) also showed that
there might be a weak correlation between PS and mobility perfor-
mance, inferring a weak correlation between LA and mobility per-
formance. These assessments were performed in controlled
environments with relatively large obstacles and low human
trafﬁc.
More investigation is certainly required in the area of orienta-
tion andmobility. While it would be hard to standardize the mobil-
ity courses, investigators can improve upon the reporting detail of
their SPV conﬁgurations, design more scientiﬁc rigorous assess-ment protocols, attend to and account for the learning effect, and
conduct the suggested LA reference assessment so as to assist the
SPV community working in synergy to understand the various nav-
igational difﬁculties pertaining to the utility of prosthetic vision.
An example of work towards this end is being carried out by Veli-
kay-Parel and co-workers (2007).
3.5. Letter acuity and other tasks
For each face or object, there would be a critical phosphene res-
olution above which recognition would be trivial; below this crit-
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inﬂuencing factors, such as the extent of the visual ﬁeld. For
example, the critical resolution for face recognition is between 8
and 16 cycles per face width (Costen et al., 1994; Gold et al.,
1999; Nasanen, 1999). A subset of Thompson and co-workers
(2003) assessments examined the effect of increasing PS on the
performance of face recognition. They studied these effects with
a 16  16 square lattice, with phosphene size of 36.50 in diameter
and PS of 36, 54 and 720. Their results are plotted in Fig. 7; though
not the sole contributor to performance in Thompson and co-work-
ers’ report, the reduction in face recognition performance is evi-
dent as PS increased (i.e. LA decreased). Studies with visually
impaired patients also demonstrated strong correlations between
the LA threshold of these patients and their face recognition perfor-
mance (Bullimore, Bailey, & Wacker, 1991). An illustration of the
beneﬁts of increasing spatial frequency information from the
underlying image to face recognition under prosthetic vision is
presented in Fig. 6C.
For object recognition, Hayes and co-workers (2003) asked their
subjects to cut out a marked square on a piece of paper. Compared
to other lattices at 2 PS, only the 16  16 lattice with 450 PS proved
to provide sufﬁcient functional vision for this task.
In a recent study, Perez Fornos and co-workers (2008) assessed
the accuracy of locating LED light sources in space and matching
patterns on wooden chips in SPV. Interestingly, a clear exponential
relationship was found between the PS and the accuracy in both
assessments. It was found that optimum performance in their par-
ticular setup can be attained at approximately a PS of 30 and 400 for
the pointing and pattern matching tasks respectively. Again, LA can
be inferred as a predictor to the performance in these tasks.
4. Learning and adapting to prosthetic vision
Irrespective of how functional prosthetic vision was measured,
learning has been shown to contribute signiﬁcantly to SPV taskTable 3
List of simulated prosthetic vision investigations that showed signiﬁcant contribution of l
References/Task Observed Learning
Cha et al. (1992c) During training, walking speed increased 5
Navigation Adaptation to the efﬁcient use of head move
Chen et al. (2005a, 2005b, 2006, 2007) Learning across-session improved item ident
with test items close to the threshold of idenLetter acuity
Increased head movement behavior observed
Increased scanning speed and adoption of ci
Dagnelie et al. (2006b) Considerable practice required for completin
Hand-eye coordination Adaptation of appropriate head scanning mo
Different strategies adopted by each subject,
Dagnelie et al. (2007) Subjects who have previous SPV experience n
Navigation
Hallum et al. (2005) With practice, subjects able to ﬁxate and trac
sessions.Smooth pursuit
Perez Fornos et al. (2008) Time to complete both pointing and pattern m
sessions for pattern matching.Pointing
Pattern matching
Hand-eye coordination
Sommerhalder et al. (2003) Word reading accuracy increased by 60% poi
Eccentric word reading Individual differences in reading strategy sus
Learned performance carried over to unpract
Sommerhalder et al. (2004), Perez Fornos
et al. (2006)
Reading speed increased up to 5  after prac
initially.
Eccentric paragraph reading Eye movements adapted to improve control
reﬂex.
Thompson et al. (2003) Response time reduced up to a third as a res
Face recognitionperformance. Learning can be quantiﬁed in two ways: improve-
ment in the success rate and decrease in response time. The suc-
cess rate will increase as the subjects become familiar with the
subtle details required to make informed judgments. This could
be assisted by adapting to a speciﬁc method of viewing or scanning
such that the required visual information can be extracted using
the limited phosphene ﬁeld. Subsequently, improvement in both
visual perception and behavioral efﬁciency can lead to reduced re-
sponse time.
Several investigators have published results proﬁling the learn-
ing effect associated with prosthetic vision utility. For example,
Chen and co-workers (2005a), Chen and co-workers (2005b) in
an LA task demonstrated a learning effect of up to 0.2 logMAR
improvement in LA threshold in some individuals. Similarly, learn-
ing also had a dramatic inﬂuence on the reading accuracy of indi-
vidual words (Sommerhalder et al., 2003), of paragraph text
(Sommerhalder et al., 2004), accuracy in tracking a slow-moving
target (Hallum et al., 2005), the time taken to count and place
checkers on a board (Dagnelie, Walter, et al., 2006), the time taken
to locate a light source and complete a pattern matching task (Per-
ez Fornos et al., 2008), and walking speed in an obstacle course
(Cha et al., 1992c) (see list in Table 3.)
The time course for learning differs from task to task, and is
likely associated with the difﬁculty of the task and the aptitude
for learning in individual subjects. Note the learning time courses
for the success rate and response time can also be different. Simple
tasks such as pointing and pattern matching (Perez Fornos et al.,
2008), LA assessment (Chen, Hallum, Lovell, & Suaning, 2005a;
Chen et al., 2005b) or object tracking (Hallum et al., 2005) may take
5–10 sessions to reach stabilized performance. Complex tasks such
as paragraph reading (Sommerhalder et al., 2004) or navigation
(Cha et al., 1992c) may take 20 or 30 trials/sessions; in these tasks,
much time would be spent familiarizing with the task as well as
learning to see in phosphene vision. In an eccentric reading task
under SPV, Sommerhalder and co-workers (2003, 2004) noted thatearning.
.
ments postulated.
iﬁcation by an average of 10% over ten sessions. Learning was twice the average rate
tiﬁcation.
, stabilized after about ﬁve sessions of practice.
rcular scanning strategy performed signiﬁcantly better.
g tasks.
vements with eye movement suppression in retinal-stabilized viewing mode.
but given adequate practice, all subjects attained similar performance levels.
avigated through the course in a faster time and with less error than naïve subjects.
k the target up to twice the accuracy. Learning occurred mostly within the ﬁrst four
atch tasks decreased with practice mainly over the ﬁrst 10 sessions for point and 20
nts from practice. Response time almost halved after practice.
pected.
iced words, to the non-practiced eye and lasted over 6 months.
tice. Close to 100% reading accuracy from 10%
over horizontal scanning, vertical line shifts and suppression of fovea centering
ult of practice.
Fig. 8. Illustration of an exponential decay model of short term visual memory. Left: Nine consecutive frames of the same Landolt C test item displaced to different locations
of the visual ﬁeld due to scanning. Scanning locus obtained from the unpublished data of the letter acuity experiment conducted by Chen and co-workers (2004, 2005b).
Right: The result from applying the exponential decay model the nine phosphene frames in left, with the Landolt C from each frame centered with respect to each other.
2338 S.C. Chen et al. / Vision Research 49 (2009) 2329–2343the learning effect persisted for at least 6 months without practice.
In the literature for perceptual learning tasks involving visual
stimuli, it has been noted that the learned performance can be re-
tained for 2–3 years without practice (Karni & Sagi, 1993; Sagi &
Tanne, 1994).
Some reports are based on stabilized, learned results from the
participating subjects (Cha et al., 1992a, 1992b; Chai et al., 2007;
Fu et al., 2006) as opposed to results from ‘‘naïve”, inexperienced
subjects to phosphene vision. In these reports, subjects may have
participated in former SPV studies or given a preliminary task to
help familiarize them with the SPV environment, as it is believed
that learning in previous tasks, though different, may be trans-
ferred to the new task. In a mobility task, Dagnelie and co-workers
(2007) showed that subjects who had previously taken part in
tasks under SPV performed better than those new to SPV.
It is recommended that the issue of learning should always be
factored into experimental designs and observations discussed to
gain insight towards patient rehabilitation.
4.1. The importance of visual scanning
Visual scanning in association with the use of prosthetic vision,
whether in human trials of clinical prototypes or in SPV, is perhaps
the most cited behavioral adaptation. Scanning is a natural and
spontaneous action to compensate for low visual resolution so as
to improve perception (Bowers & Reid, 1997; Jan, 1991). Particu-
larly for prosthetic vision, scanning of a scene is chieﬂy made nec-
essary with the low resolution and discrete nature of the
phosphene ﬁeld. Scene scanning with a phosphene ﬁeld is an
important skill to ‘‘ﬁll-in” the lack of information in between the
phosphenes.
In addition, though a static image of phosphenes may simply
appear like individual, isolated dots, when relative movement is in-
duced via scanning, a more coherent structure of the scene
emerges. The existing literature on SPV tends to attribute this phe-
nomenon to visual memory, mental imagery and spatiotemporal
integration (Cai et al., 2005; Chen et al., 2006; Dagnelie, Walter,
et al., 2006; Hayes et al., 2003; Thompson et al., 2003), ﬁlling-in
the lack of visual information in the gaps between the discrete
phosphenes by accumulating the spatial visual information across
frames of the visual presentation. As illustrated in Fig. 8, the orien-
tation of the Landolt C gap is quite ambiguous judging by individ-
ual frames. However, the gap can be clearly and unambiguously
identify when the nine successive frames are temporally integratedusing a simple exponential decay model for modeling temporal
persistence (Dixon and Di Lollo, 1994).
Scanning is also made necessary by the reduced visual ﬁeld
afforded by a phosphene ﬁeld. In order to conduct visual search
(Perez Fornos et al ., 2008) or to maintain spatial reference to
various objects in the environment as in navigation (Cha et al.,
1992c), the phosphene ﬁeld has to be repositioned strategically
in the visual space. The effective visual ﬁeld is increased through
mechanisms similar to the aforementioned spatiotemporal
integration.
Under most of the present proposed visual prosthesis designs,
eye movements are ineffective in updating the location of the gaze;
therefore head movements have to be adapted to become the
prime mover for directing gaze and executing scanning. Most
SPV investigators have adopted a set up where the image is
sourced from a head-mounted camera such that head movements
will necessarily re-center the gaze of the phosphene ﬁeld, or have
incorporated a head tracker device to update computer-generated
virtual scenes. Eye-directed scanning is still available to the recip-
ients of subretinal based implants (e.g. Wilke et al., 2009; Zrenner
et al., 2006, 2007) or for device designs that seek to incorporate an
eye tracker; therefore, eye-directed scanning behavior continues to
be of interest.
4.2. Visual scanning in SPV
There is substantial support from SPV studies that restraint-free
visual scanning has a positive impact on the task performance by
allowing subjects self-directed visual information maximization.
Cha and co-workers (1992a) suggested that their subjects directed
gaze so as to ‘‘choose” the best viewing position in order to identify
the orientation of the Tumbling E, thus improving LA scores. Sim-
ilarly, with irregular phosphene matrices, Cai and co-workers
(2005) noted that subjects learned to select areas with denser
phosphenes for scanning in order to maximize the spatial fre-
quency content of the stimuli. Head movements also expand the
effective ﬁeld of view and allow rudimentary depth perception
through parallax (Cha et al., 1992c).
With respect to scanning strategies, Dagnelie and co-workers
(2006b), in a study involving a hand-eye coordination task, noted
that different scanning approaches between subjects essentially
afforded them the same performance outcome; but no formal com-
parison was made. Other investigators found that performance was
highly inﬂuenced by the scanning strategy.
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(2006) showed that subjects who had adopted a circular scanning
strategy scored consistently and signiﬁcantly better than others. In
addition, they also showed a weak, positive correlation between
scanning speed and performance. Hayes and co-workers (2003)
also remarked that during a reading task, two of their subjects
were able to read ﬁner text due to the fast scanning techniques
they adopted; presumably, the fast temporal changes in the phos-
phenes compensated for the low phosphene resolution. Humayun
and co-workers (2001) also arrived at the same conclusion, observ-
ing that proper scanning technique and scanning velocity can im-
prove upon SPV face recognition, object discrimination and
reading.
In a task requiring SPV reading of paragraphed text using com-
bined eye and head-directed gaze, Sommerhalder and co-workers
(Sommerhalder et al., 2004, Perez Fornos et al., 2006) also found
that particular scanning actions contributed signiﬁcantly to the
ability to read text more promptly. They observed that initially,
eye movements of subjects were littered with ineffective saccades
and reﬂexive actions. Gradually the subjects improved control and
stability over the vertical eye movements so as to suppress the
reﬂexive actions that attempts to refocus the text to the fovea
rather than the eccentric viewing window. This was comple-
mented by a more controlled and effective horizontal scanning
eye movement of the eccentric viewing window, and entailed
improvement in the reading speeds.
In a separate study requiring subjects to locate a light source
and perform a pattern matching task, Perez Fornos and co-
workers (2008) also made interesting observations of the eye
and head movements of their subjects. They showed that the
amount of head and eye movements was negatively correlated
to the size of the phosphene ﬁeld. ‘‘Tunnel vision” with smaller
phosphene ﬁelds has meant that lengthier visual search has to
be performed.
Sommerhalder and co-workers’ studies (Sommerhalder et al.,
2003, 2004, Perez Fornos et al., 2005, 2008) were conducted with
retinal-stabilized phosphenes. Under this experimental paradigm,
phosphene locations are ﬁxed with respect to their visual ﬁeld
coordinates. Retinal-stabilized phosphenes mimic physiological
phosphenes which appear to move with eye movements, very
much like the afterimages subsequent to staring at a bright light
source. However, the retinal-stabilized protocol has not been com-
monly adopted in SPV studies.
A few studies investigated the performance difference between
retinal-stabilized phosphene simulations and non-stabilized simu-
lations. Cha et al. (1992b) compared the reading speed of head-di-
rected and eye-directed (retinal-stabilized) scanning under the
same SPV conﬁguration and noted that eye-directed scanning pro-
duced poorer results than head-directed scanning. On the other
hand, in a study involving a hand-eye coordination task through
a retinal-stabilized phosphene ﬁeld3 (Dagnelie, Barnett, et al.,
2006), it was found that though initially the performance in the task
declined compared to previous non-stabilized sessions, subjects
quickly learnt to keep the eyes steady and scan with head move-
ments. Subsequently the performance rose to a level similar to the
free viewing condition. It appears that eye-directed scanning led to
lower task performance, but this can be compensated with appropri-
ate head scanning adaptation.
Wang and co-workers (2008) examined the ability of prosthetic
vision recipients in conducting the smooth pursuit action using eye
movements. In this study, a slow-moving target has to be tracked
using a phosphene ﬁeld, the position of which was controlled by3 Dagnelie and co-workers’ (2006a) phosphene ﬁeld was only ‘‘approximately”
retinal-stabilized as eye tracking was performed only at 30 Hz.eye movements. It was found that both latency to movement onset
and accuracy of tracking was reduced in prosthetic vision (com-
pared to normal vision) and further decreased if tracking had to
be performed over an eccentric retinal locus. Interestingly, they
noted that as opposed to a ‘‘smooth” pursuit, most subjects’ track-
ing locus exhibited stepwise saccades. This behavior indicates that
the customary pursuit eye movement may not be the most efﬁ-
cient for object tracking in a visual scene composed of discrete
phosphenes.
In summary, it should be noted that the adaptation to a trans-
formed visual input requires the adaptation of motor actions as
well as the adaptation of perception – these are two different phe-
nomena. Part of the adaptation is to adopt a new set of ‘‘rules” for
looking and acting, for how the visual system now has to work in
conjunction with the motor system, such as in visual scanning or
coordinating head movements with intended limb movements,
etc. Chen and co-workers (2006) reported that only 33% of the
twelve subjects participating in an LA task managed to recognize
(consciously or subconsciously) the higher efﬁcacy of and adapt
to the circular scanning strategy. Therefore training in the coordi-
nation of visual input and motor actions should play a central part
in any prosthesis recipient rehabilitation program.
5. Relating simulations to real prosthetic vision
SPV opens the opportunity to study functional prosthetic vision
where and when real prosthetic vision recipients do not exist or are
not available. Functional prosthetic vision can be assessed in con-
trolled, real or virtual-reality environments inwhich scientiﬁc obser-
vations can be conducted. The main purpose of SPV is to better
understand the utility of real prosthetic vision. For this reason, inves-
tigations in SPV should focus on relevant issues encountered by
researchersand,whererequired, leadtheresearchcommunity inﬁnd-
ing the solution. Three of the most pressing questions at present are:
1. What are the design requirements for functional prosthetic
vision?
2. How can prosthetic recipients make the best use of the current
generation of low-phosphene-count implants?
3. How should the image/video be processed to present the most
comprehensible prosthetic vision?5.1. Design requirements for functional prosthetic vision
Most visual prosthesis researchers would misquote Cha and co-
worker’s (1992a, 1992b, 1992c) estimate of 625 (25  25) phosph-
enes as the requirement for close-to-normal performance in LA,
text reading and mobility. However, they fail to indicate that these
are 625 phosphenes over a compact 1.7  1.7 visual ﬁeld. In
which case, Cha and co-workers’ ﬁnding should be more appropri-
ately interpreted as pertaining to the optimum phosphene density
or PS of a phosphene array, rather than the phosphene count; the
performance of Cha and co-workers’ phosphene ﬁelds for LA and
reading at the same phosphene density but different phosphene
count was statistically equal.
As reviewed earlier, performance in perception of detail is
mainly a function of PS. The trend ﬁtted to the data in SPV studies
in Fig. 4 serves as a ﬁrst approximation of the expected perfor-
mance in prosthetic vision recipients. From the ﬁgure, equivalence
to normal LA can be attained with a PS of 2.50.
From the viewpoint of affording implant recipients the ability to
read, SPV studies (Cha et al., 1992b; Dagnelie, Walter, et al., 2006;
Fu et al., 2006) indicate that:
 The phosphene ﬁeld has to contain a window of 2–4 characters
wide and two lines of text high to facilitate paragraph reading.
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appreciable reading speed and text comprehension.
Using this information, the minimum requirement for reading
with the text occupying the entire phosphene ﬁeld is likely to be
around 12  8 (96) phosphenes. In general, providing the reading
window remains unchanged, the reading speed will increase as
the number of phosphenes increases. Low vision patients can af-
ford to read with LA reserve of 3:1, giving 36  24 (864) phosph-
enes. Optimum reading speed occurs at 6:1 to 18:1 LA reserve in
normally-sighted individuals (Whittaker & Lovie-Kitchin, 1993),
which corresponds to a phosphene ﬁeld of up to 216  144
(31,104) phosphenes – at these phosphene resolutions, most daily
tasks should also be achievable.
For navigation, the visual ﬁeld size of the phosphene ﬁeld is an
important factor. A visual ﬁeld area of at least 30 (Cha et al.,
1992c) and up to an eccentricity of 58 (Lovie-Kitchin et al.,
1990) would be required for self-orientation and safe navigation.
However, enlarging the visual ﬁeld coverage comes at the expense
of losing LA if the number of electrodes (phosphenes) is ﬁxed. LA
is important for path ﬁnding and obstacle navigation; therefore it
is probably most appropriate to mimic the human retina by
retaining a central high acuity phosphene ﬁeld with peripheral
placement of additional phosphenes at lesser acuity to assist nav-
igation. As a ﬁrst approximation, ten to twenty peripheral phos-
phenes to each side of the horizontal meridian and the inferior
division of the visual ﬁeld may sufﬁce for most orientation and
mobility activities.
Needless to say, these speciﬁcations remain entirely theoretical
at present. In the advent of more human trials, the clinical data will
lead to improvements in SPV conﬁgurations and assessment tech-
niques, and through these, the models developed will enable better
design of future visual prosthesis devices.4 Hallum and co-workers (2004b) used an averaging kernel shaped in a regular
hexagon, where r indicates the distance from the centre of the hexagon to its vertex.5.2. Making the most from low phosphene count
Most of the SPV studies were conducted with conﬁgurations
that were too optimistic compared to that of near-term visual
prosthesis devices. The chronic implants in human trials at present
consist either of 4  4 epiretinal arrays (Humayun et al., 2003),
6  10 epiretinal arrays (Ahuja et al., 2009; McMahon et al.,
2009), or a 4 electrode optic nerve cuff (Veraart et al., 1998, able
to elicit 100 + individual phosphenes). There are several other hu-
man trials in planning, but with similar counts of available elicit-
able phosphenes expected.
The resolution of these devices is in the order of 1–2 visual an-
gle per phosphene. This is equivalent to a LA of 2.0 logMAR or
worse, and by deﬁnition, still classiﬁed as legally blind (>1.0 log-
MAR LA). Hayes and co-workers (2003) demonstrated that basic
object and symbol discrimination is possible with 4  4 and
6  10 phosphenes. Using a similar conﬁguration, Hallum and co-
workers (Hallum et al. 2003, 2005) demonstrated the ability to
track object motion. Visually guided tasks affordable by these hu-
man trial devices corresponded to these observations from SPV
investigations, namely simple light localization, motion detection
and simple pattern discrimination (Brelen, Duret, Gerard, Delbeke,
& Veraart, 2005; Duret et al., 2006; Veraart, Wanet-Defalgue, Ger-
ard, Vanlierde, & Delbeke, 2003; Yanai et al., 2007).
It appears that the more difﬁcult tasks of reading, face recogni-
tion, and navigation may be impractical for recipients of near-term
visual prosthesis. Yet in SPV studies, using only 4  4 and 6  10
phosphenes, subjects were able to pour candy from one cup into
another without spillage (Hayes et al., 2003), or navigate a simple
obstacle course (Dagnelie et al., 2007). Therefore, theoretically, a
low-count phosphene ﬁeld is not entirely useless for more compli-cated daily tasks. More investigations are required to rectify the
performance differences between SPV studies and real prosthetic
vision – whether this is due to a learning or training factor, irreg-
ularity of the phosphene map, inappropriate simulation or
otherwise.
Perceptual learning and the development of scanning skills ap-
pear to play an important role in helping subjects in SPV to im-
prove upon their response correctness and response time. The
beneﬁts of visual scanning have also been implied in several hu-
man trials. Particularly, a head-directed visual scanning routine
based on scanning in the horizontal direction followed by the ver-
tical for identifying symbols using an optic nerve implant was
developed (Brelen et al., 2005; Duret et al., 2006; Veraart et al.,
2003). With scanning, Dobelle’s (2000) cortically implanted volun-
teer also could routinely recognize letters and symbols, and further
believed that with additional experience in scanning, performance
in other tasks will also improve.
Rather than an afterthought, SPV investigators can design
experiments for establishing a set of practical scanning strategies
under different usage scenarios: for conducting a visual search,
tracking an object, text reading, and navigation, etc. For example,
scanning strategy would be particularly useful to help the pros-
thetic vision recipient better follow the lines in the visual scene,
such as junctions between the wall and the ﬂoor or line of lights
in the ceiling, for orientation and mobility tasks (Dobelle, 2000).
5.3. Image processing for visual comprehension
To represent a scene captured by a camera, which is normally of
at least 640  480 resolution, with a ﬁeld of 100 or so phosphenes
naturally requires some degree of image processing. In the case of
cochlear implants, it is estimated that a third of the improvement
in the monosyllabic word recognitions from the 1980s to 1999 can
be attributed to speech processing improvements (Rubinstein &
Miller, 1999). Much of the speech processing work derives from
psychophysical studies with simulated models of human auditory
perception. The optimal processing strategy is yet unclear for phos-
phene vision, and deserves a separate review. Here, the present re-
view focuses on the very limited number of SPV studies that
investigated image processing strategies.
Most of the present SPVs are based on a regional average deci-
mation of the full-resolution image into values that modulate the
luminance or the size of the phosphenes. The circular regional
average was investigated by Chen and co-workers (2004, 2005b).
As described earlier, they showed that averaging over a circular
area with the radius at approximately 50% PS is optimal for LA per-
formance on the Landolt C optotype.
Based on the results of their smooth pursuit study, Hallum and
co-workers (2004b) examined the optimum sizes for a regional
average kernel4 and a Gaussian ﬁltering kernel using mutual infor-
mation. The estimated optimum regional averaging kernel covers a
large pixel area (r = 180% PS), and the optimum Gaussian kernel also
has a relatively large spread (r = 85% PS). Overall, the Gaussian ker-
nel is shown to convey more information than the regional average
kernel. The larger ‘‘input apertures” estimated appear to be optimal
speciﬁcally for movement detection which is the essence of the
smooth pursuit task. In addition to mutual information, Hallum
and co-workers (2006a, 2006b) have also used techniques based
on Fourier analysis to investigate the stochastic ﬁelds of phosphenes
and the performance impact of inaccurate phosphene visual ﬁeld po-
sition mapping.
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Eckmiller and co-workers (Baruth, Eckmiller, & Neumann, 2003;
Becker, Eckmiller, & Hunermann, 1999; Eckmiller, Baruth, &
Neumann, 2004). Their concept is to use an artiﬁcial neural
network to convert a full-resolution video into spike patterns for
simulating retinal ganglion cells – the ‘‘tunable retinal encoder”.
They have described psychophysical experiments where human
subjects helped the artiﬁcial neural network to learn the optimal
conversion strategy. However, these techniques have not yet been
rigorously applied in SPV studies of performance.
While an analytic approach to assess the functional capacity of
prosthetic vision can provide a general estimate of the required im-
age processing routines, psychophysical studies with human sub-
jects provide the best platform to help select from among a set
of image processing strategies the one best suited to facilitate func-
tional vision, for a particular daily task. This information can then
be fed back into a prosthetic vision performance model for further
analytical research. There is certainly no shortage of image pro-
cessing techniques available for consideration – spatial ﬁltering,
edge detection, contrast enhancement, saliency mapping, etc. Con-
sidering the low resolution of near-term devices, perhaps investi-
gators should focus on processing strategies that stimulate
temporal processing pathways in the human visual system for
compensating the lack of spatial resolution.
5.4. Towards a synergistic approach to SPV
In the research ﬁeld of cochlear implants, several related stan-
dard measures of hearing performance have been established.
The measure of monosyllabic words seems to have established it-
self as a pseudo-reference in clinical assessments; extended mea-
sures involve recognition of vowels, consonants, words and
sentences. Having referential measures allows comparison be-
tween speech processing algorithms, implant technology, etc. In
contrast, presently, each SPV investigator would set about investi-
gating the functional capacity of prosthetic vision in their individ-
ual ways.
The LA metric has the potential to act as a reference measure
to improve comparability between SPV study results across dif-
ferent investigator groups all over the world. Not only results
from similar psychophysical tasks can be compared against one
another, having a reference measure means that interpretation
can be further extrapolated to performance in other tasks. As
presented in this review, the LA metric is a good indicator of
the ability to appreciate the detailed information in a visual
scene and can be a good predictor of many visually guided tasks
in daily activities. Likewise, for prosthetic vision, the more high
spatial frequency information a recipient of a visual prosthesis
system can resolve, the better the visual quality and functional
vision the recipient can enjoy.
An LA reference measurement can be made very efﬁciently
using standard clinical procedures by assessing subjects with vari-
ants of letter charts. To use LA as a means for modeling functional
performance or for statistical comparisons, a more time consuming
protocol is recommended to reduce bias and variance in the
measurements5.5 In the authors’ experience using a computerized, automated test setup, a
sufﬁcient measurement can be obtained with 10–20 test items at eight optotype sizes
of stepping 0.1 logMAR with the projected LA threshold approximately in the center
of this size range. Experienced subjects are expected to take between 1 and 3 s to
respond per test item; within this time frame, experienced subjects can typically
perform 1–2 circular scans over the item. The entire exercise would not exceed
10 min. Use optotypes of a single character, such as the Tumbling E and
the Landolt C, rather than letters of the alphabet where each has
a different recognition difﬁculty.6
 Assess using the method of constant stimuli.
 Estimate LA threshold by ﬁtting a psychometric function to the
percentage performance versus optotype size (in logMAR) which
also provides statistical information regarding the estimated LA
threshold.
 Assessment optotype sizes should cover the range from near
100% recognition to recognition by chance to give an accurate
psychometric ﬁtting.
 Observe the learning effect: Allow four to six sessions of prac-
tice, each on a separate day.
 Facilitate natural head and eye scanning actions to maximize the
performance outcome. Monitor and record the scanning behav-
ior for analysis.
 Detailed report of the SPV conﬁguration to facilitate comparison
by other investigators.
Of course, no single measure can characterize the functional
needs for every task. LA, by itself, is assessed on localized, high con-
trast test items, and is not always the strongest predictor in every
task. In addition to LA, clinical measures of contrast sensitivity
(Pelli-Robson or Regan charts) also correlate signiﬁcantly with
many daily activities, and the requirement of the visual ﬁeld size
is important with respect to the size of the reading window and
spatial orientation in navigation tasks. The SPV research commu-
nity should work together to identify a small set of reference mea-
surements that characterizes the performance in key functional
tasks and can be easily standardized across laboratories for
interoperability.
When used effectively, psychophysics under SPV can be a very
informative tool for studying the functional capacity of real
prosthetic vision. Through SPV, the investigators can experience
ﬁrst-hand many performance and behavioral aspects of prosthetic
vision, and studies conducted on a larger population can inform the
performance and behavioral preferences in general and in individ-
ual cases. A human performance model of prosthetic vision can be
constructed to supplement the analytical perspective of the re-
search. A visual prosthesis device and image processing strategy
can be designed to target the areas of functional living where it
matters most. Behavioral ﬁndings can be compiled so as to engi-
neer a successful and effective prosthetic vision rehabilitation pro-
gram (for example, Chen, Suaning, Morley, & Lovell, 2009b;
Dagnelie, 2008). The success or failure of a visual prosthesis system
may ultimately depend on how useful implant recipients ﬁnd their
newly bestowed prosthetic vision.References
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